Compound-specific delta D and its hydrological and environmental implication in the lakes on the Tibetan Plateau by Liu, Hu et al.
•RESEARCH PAPER• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . June 2018 Vol.61 No.6: 765–777
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .https://doi.org/10.1007/s11430-017-9182-2
Compound-specific δD and its hydrological and environmental
implication in the lakes on the Tibetan Plateau
Hu LIU1,2, Hong YANG3, Yunning CAO1 & Weiguo LIU1,2*
1 State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710061, China;
2 University of Chinese Academy of Sciences, Beijing 100049, China;
3 Laboratory for Terrestrial Environments, Department of Science and Technology, College of Arts and Sciences, Bryant University, Smithfield,
Rhode Island 02917, USA
Received December 9, 2017; revised February 9, 2018; accepted March 1, 2018; published online April 4, 2018
Abstract The hydrogen isotopic composition (δD) of n-alkanes in lacustrine sediments is widely used in palaeoenvironmental
studies, but the heterogeneous origins and relative contributions of these lipids provide challenges for the interpretation of the
increasing dataset as an environment and climatic proxy. We systematically investigated n-alkane δD values from 51 submerged
plants (39 Potamogeton, 1Myriophyllum, and 11 Ruppia), 13 algae (5 Chara, 3 Cladophora, and 5 Spirogyra) and 20 terrestrial
plants (10 grasses and 10 shrubs) in and around 15 lakes on the Tibetan Plateau. Our results demonstrate that δD values of C29 n-
alkane are correlated significantly with the lake water δD values both for algae (R2=0.85, p<0.01, n=9) and submerged plants
(R2=0.90, p<0.01, n=25), indicating that δD values of these algae and submerged plants reflect the δD variation of lake water. We
find that apparent hydrogen isotope fractionation factors between individual n-alkanes and water (εa/w) are not constant among
different algae and submerged plants, as well as in a single genus under different liminological conditions, indicating that the
biosynthesis or environmental conditions (e.g. salinity) may affect their δD values. The δD values of submerged plant Ruppia in
the Xiligou Lake (a closed lake) are significant enriched in D than those of terrestrial grasses around the lake (one-way ANOVA,
p<0.01), but the algae Chara in the Keluke Lake (an open lake) display similar δD values with grasses around the lake (one-way
ANOVA, p=0.826>0.05), suggesting that the n-alkane δD values of the algae and submerged plants record the signal of D
enrichment in lake water relative to precipitation only in closed lakes in arid and semi-arid area. For each algae and submerged
plant sample, we find uniformed δD values of different chain length n-alkanes, implying that, in combination with other proxies
such as Paq and Average Chain Length, the offset between the δD values of different chain length n-alkanes can help determine
the source of sedimentary n-alkanes as well as inferring the hydrological characteristics of an ancient lake basin (open vs closed
lake).
Keywords n-Alkane, Hydrogen isotope composition, Submerged plant, Algae, Tibetan Plateau
Citation: Liu H, Yang H, Cao Y, Liu W. 2018. Compound-specific δD and its hydrological and environmental implication in the lakes on the Tibetan Plateau.
Science China Earth Sciences, 61: 765–777, https://doi.org/10.1007/s11430-017-9182-2
1. Introduction
The Tibetan Plateau is the highest plateau in the world with
an average elevation >4000 m and covers an area of ca.
47000 km2. The plateau’s climate is sensitive to variations in
the Asian monsoon and the global environment (An et al.,
2000). A large number of lakes occur on the plateau, yielding
sediments and various biomarkers for high resolution pa-
leoenviroment and paleoclimate studies (e.g. An et al., 2001;
Currie et al., 2005; DeCelles et al., 2007; Polissar et al.,
2009; Henderson et al., 2010; Wischnewski et al., 2011; He
et al., 2013; Wang et al., 2013; Zhuang et al., 2014; Liu et al.,
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2015, 2017; Li and Liu, 2017).
n-Alkanes, a class of frequently-occurring organic bio-
markers, are well preserved in various environmental con-
texts and their isotope compositions providing reliable
records of climate change (Sessions et al., 2004; Sachse et
al., 2006; Eglinton and Eglinton, 2008). Lake sediment n-
alkanes generally have various sources, including bacterium,
algae, aquatic plants and terrestrial plants (Gao et al., 2011;
Rao et al., 2014; Liu and Liu, 2016), and their n-alkane
chain-length distributions are often used to distinguish dif-
ferent plant sources (Cranwell et al., 1987; Ficken et al.,
2000). However, some recent studies have reported that the
long chain n-alkanes in lake sediments may also be influ-
enced by submerged plants (Aichner et al., 2010a; Liu et al.,
2015, 2016; Liu and Liu, 2016). For example, based on a
preliminary data from the Tibetan Plateau, Liu and Liu
(2016) demonstrated that submerged plants, such as Pota-
mogeton and Ruppia, contribute significant long chain n-
alkanes (C27−C33; avg. 46.3 μg g
−1 for Potamogeton and
72.7 μg g−1 for Ruppia) to the lake sediments, but the input
from algae may be minimal because of their low con-
centrations (0.6 μg g−1 for Chara, 0.7 μg g−1 for Cladophora,
and 2.4 μg g−1 for Spirogyra). In order to better understand
whether this is a wide spread phenomena, we systematically
collected additional algae and submerged plant samples on
the plateau to analyse their n-alkane distributions and con-
centrations.
Hydrogen isotope composition is an effective indicator of
palaeoenvironmental change, and n-alkane δD values of
terrestrial and aquatic plants record the δD changes of pre-
cipitation and lake water, respectively (Sachse et al., 2006;
Liu and Yang, 2008; Rao et al., 2009; Xie et al., 2012;
Feakins et al., 2016; Liu et al., 2016). Because the long chain
n-alkanes in lake sediments may be affected by aquatic
plants, it is necessary to better understand the δD and εa/w
values of different aquatic plants in order to accurately de-
termine the source of sediment n-alkanes for the re-
construction of regional hydrological conditions. Liu et al.
(2016) found that the n-alkane δD values of aquatic plants in
Lake Qinghai were generally more enriched than those of
terrestrial plants from the catchment area, and n-C31 δD va-
lues can be reliably used for inferring terrestrial palaeocli-
matic and palaeohydrological conditions.
In this study, we systematically investigated the n-alkane
distributions and their δD values of the common genera of
algae and submerged plants, and terrestrial plants on the
northeastern Tibetan Plateau. We expand our previous in-
vestigations of δD values from taxon-specific algae and
submerged plants in the area to further clarify the differences
in δD and εa/w values among different plant genera in dif-
ferent types of lakes. Based on these results, we discuss the
implications of distinguishing the sources of n-alkane in lake
sediments as a prerequisite for reliably use of n-alkane δD
data in lake sediments to reconstruct palaeoclimatic and
palaeohydrological dynamics of lake basins.
2. Material and methods
2.1 Study sites and samples
We collected submerged plants (Potamogeton, Myr-
iophyllum and Ruppia), algae (Chara, Cladophora and
Spirogyra) and terrestrial plants (both grasses and shrubs)
from 15 lakes during 2013–2016 from the north-eastern
portion of the Tibetan Plateau (96°04′E–100°44′E, 33°20′N–
37°18′N; Figure 1). Additional samples (including 9 Pota-
mogeton, 8 Ruppia, 4 Chara, 6 Cladophora, 9 Spirogyra, 10
grasses, and 8 shrubs) were collected in September 2015,
January and June 2016 in and around Keluke Lake (KLK),
Tuosu Lake (TS), Delingha Gahai Lake (GH), Xiligou Lake
(XLG), and Erhai Lake (EH) (Appendixes 1 and 2, http://
link.springer.com). The basic liminological and climatic in-
formation of these lakes are listed in Appendix 3, which is
compiled according to our investigations and previous re-
ports (Qiang et al., 2005, 2013, 2014; Zhao C et al., 2009,
2010; Zhao Yet al., 2007, 2008, 2010; Aichner et al., 2010b,
2012; Mischke et al., 2010; Tuo et al., 2011; Wischnewski et
al., 2011; Opitz et al., 2012; Dietze et al., 2013; He et al.,
2013; Rao et al., 2014). Many of these lakes have been in-
vestigated, but information from Chamu Co Lake (CMC),
Galala Co Lake (GLLC), Jinzihai Lake (JZH), Saiyong Co
Lake (SYC), Xiligou Lake (XLG) and Xingxinghai Lake
(XXH) has been limited. This region has experienced a ty-
pical arid and semi-arid climate, with average annual pre-
cipitation ranging from 100 to 500 mm (Lister et al., 1991;
Henderson and Holmes, 2009). The vegetation is dominated
by alpine desert, alpine meadow, and temperate grassland
(Yu et al., 2001; Herzschuh et al., 2006). Algae and sub-
merged plants were collected at depths from various lakes
using a grab sampler, rinsed with distilled water between
samples to remove sediment or dust particles. Terrestrial
plants were collected around these lakes and surface water
samples were sampled using small plastic bottles and stored
at 4°C until analysis.
2.2 Analysis of n-alkanes
Total lipids were extracted ultrasonically (3×30 min) from
dried plant material (ca. 0.5 g, Freeze drier, vacuum degree <
20 Pa, condensing temperature <−50°C) with DCM/MeOH
(9:1) at 60 Hz. The saturated hydrocarbon fractions were
isolated using silica column chromatography (100−200 mesh
silica gel) via hexane elution. Quantification was achieved
using an Agilent 6890 gas chromatography (GC) instrument
(Agilent HP1-ms column: 60 m×0.32 mm i.d., 0.25 μm film
thickness) and flame ionization detection, based on previous
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studies (e.g. Liu et al., 2006, 2015, 2017). Briefly, the sample
was injected in split mode, with a GC inlet temperature of
310°C and a flow rate of 1.2 mL min−1. The oven tempera-
ture was programmed as 40°C (1 min) to 150°C at
10 °C min−1 and finally to 315°C (held 20 min) at 6°C min−1.
δD values of individual n-alkanes were determined using a
Delta-V isotope ratio mass spectrometry (IRMS) instrument
(Thermo Finnigan). The n-alkanes were converted to H2 via a
high temperature pyrolysis reactor at 1430°C. The H3+factor
was calculated daily using the same reference gas; the
average value was 3.34 and the stability was ±0.05 per week.
Mixed laboratory standards of n-alkanes (C21, C25, C27, C29,
C31 and C33) were measured after every 5 injections, with
−219‰ for C21, −128‰ for C25, −180‰ for C27, −243 ‰ for
C29, −146‰ for C31 and −195‰ for C33, and the standard
deviation of δD values for these standards was gen-
erally<3‰ (Cao et al., 2012; Liu et al., 2012). δD values (‰)
are reported relative to Vienna Standard Mean Ocean Water
(VSMOW).
2.3 Analysis of water δD values
δD values of the water samples were measured using an
isotope water analyser (Picarro L2130-i, USA) and were
determined relative to VSMOW.We measured six times for a
single sample and used the average value of the last three
times to be reported in order to avoid the influence of
memory effect. The standard deviation of these δD mea-
surements was < 3‰. The apparent hydrogen isotope frac-
tionation factors (εa/w) were calculated as follows:






3.1 n-Alkane concentrations in algae, submerged
plants, and terrestrial plants
A combined dataset integrating new measurements and those
from Liu and Liu (2016) indicates that n-alkanes from algae
and submerged plants were basically dominated by C23 and
C25 homologues, but C27−C33 n-alkanes account for large
proportions of the total C21−C33 n-alkanes (Figure 2). The
average values of long chain vs. total n-alkanes are 40%,
33%, 56%, 27% and 61% for Potamogeton, Ruppia, Chara,
Cladophora and Spirogyra, respectively (Figure 3). For
submerged plants, C27−C33 n-alkanes in Potamogeton and
Ruppia yield average concentrations of 72 and 44 μg g−1
(Figure 3), which are slightly lower than that in terrestrial
plants (avg. 194 μg g−1 for grasses and 153 μg g−1 for the
shrubs, Figure 3). The average concentrations of C27−C33 n-
alkanes in algae are much lower than that in submerged and
terrestrial plants, with only 1.5 μg g−1 for Chara, 1.4 μg g−1
for Cladophora and 3.9 μg g−1 for Spirogyra, respectively
(Figure 3).
3.2 n-Alkane δD values in algae, submerged plants,
and terrestrial plants
The n-alkane δD values of grasses from the plateau range
from −213% to −185%, with an average of −198‰ (n=10),
Figure 1 Study sites showing lakes on the northeastern Tibetan Plateau from which plant samples were collected. Lake abbreviations: CMC, Chamu Co
Lake; DGCN, Donggi Cona Lake; EH, Erhai Lake; GGH, Genggahai Lake; GH, Delingha Gahai Lake; GLLC, Galala Co Lake; JZH, Jinzihai Lake; KC,
Koucha Lake; KH, Kuhai Lake; KLK, Keluke Lake; SG, Sugan Lake; SYC, Saiyong Co Lake; TS, Tuosu Lake; XLG, Xiligou Lake; XXH, Xingxinghai
Lake.
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whereas those of shrubs are more enriched (avg. −145‰,
n=10), ranging from −175‰ to −111‰ (Appendix 4). In
algae and submerged plants, n-alkane δD values vary from
−213‰ to −139‰ for Potamogeton, −169‰ for Myr-
iophyllum and −165‰ to −142‰ for Ruppia, with mean
values of −164‰ (n=39), −169‰ (n=1) and −154‰ (n=11),
for the three plant genera respectively (Appendix 4). The δD
values for Chara, Cladophora and Spirogyra range from
−214‰ to −185‰ (n=5), −141‰ to −136‰ (n=3) and
−169‰ to −135‰ (n=5), respectively (Appendix 4).
3.3 n-Alkane εa/w values in algae, submerged plants and
terrestrial plants
To calculate εa/w values between algae or submerged plants
relative to the lake water, we collected lake water at different
sampling sites and analysed their δD values. Though lake
water δD values may vary between seasons and from year to
year, we find that δD values for specific lakes during rainy
seasons (June to September) are remarkably stable on the
northeastern Plateau (Table 1). For example, the average δD
Figure 2 Distributions of relative abundance of n-alkanes from various algae and submerged plants from lakes on the Tibetan Plateau. Error bars are ±1
standard deviation. Lake abbreviations: EH, Erhai Lake; GH, Delingha Gahai Lake; KLK, Keluke Lake; SG, Sugan Lake; TS, Tuosu Lake; XLG, Xiligou
Lake.
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values in the Keluke Lake were −38.0‰ in June, 2015 and
−37.5‰ in September, 2015 (Table 1). Similarly, average δD
values in the Tuosu Lake were 14.0‰ in June, 2015 and
11.4‰ in June, 2016 (Table 1). We therefore feel justified to
apply δD values from lake water samples collected during
rainy seasons (June and September, 2015 and June, 2016) to
calculate the εa/w values (Table 2). Meanwhile, in order to
calculate εa/w values of terrestrial plants relative to pre-
cipitation, we used the weighted δD values (−40.7‰) of the
summer precipitation (June-July-August) from Delingha
(40 km away from Keluke Lake and 100 km away from
Xiligou Lake) based on the results of Yao et al. (2013) and
Zhu et al. (2015).
Table 2 shows that, in algae and submerged plants, the εa/w
values range from −160‰ to −149‰ for Potamogeton,
−152‰ to −150‰ for Ruppia, −184‰ to −153‰ for Chara,
−154‰ to −149‰ for Cladophora and −167‰ to −134‰
for Spirogyra, with mean values of −155‰ (n=7), −151‰
(n=3), −166‰ (n=4), −151‰ (n=3) and −151‰ (n=2), for
these plants respectively (Table 2). In terrestrial plants, the
grasses and shrubs had average εa/w values of −164‰ and
−109‰, ranging from −180‰ to −146‰ and −140‰ to
−73‰, respectively (Table 2).
4. Discussion
4.1 Relative contributions of n-alkanes in lake sedi-
ments
The concentrations and distributions of n-alkanes from algae,
submerged plants, and terrestrial plants in and around 6
plateau lakes show that n-alkanes from algae and submerged
plants are primarily dominated by C23 and C25 homologues,
but they also contain high relative abundances of long chain
n-alkanes (C27−C33), which account for large proportions of
the total C21−C33 n-alkanes (Figures 2 and 3). Submerged
plants display slightly lower concentrations of C27−C33 n-
alkanes (avg. 72 μg g−1 for Potamogeton and 44 μg g−1 for
Ruppia) than that from terrestrial plants (avg. 194 μg g−1 for
grasses and 153 μg g−1 for shrubs, Figure 3b), whereas C27
−C33 n-alkanes in algae are much lower (avg. 1.5 μg g
−1 for
Chara, 1.4 μg g−1 for Cladophora and 3.9 μg g−1 for Spir-
ogyra) (Figure 3b). Our new results are consistent with
previous observations based upon limited data from the area
(Liu and Liu, 2016), indicating that the contribution of long
chain n-alkanes from submerged plants to lake sediments is
significant, while the n-alkanes input from algae are only a
small fraction in the total n-alkane pool in lake sediments.
Figure 3 Concentrations of n-alkanes from algae, submerged plants, and terrestrial plants. Plant abbreviations: Gr, Grass; Sh, Shrub; Po, Potamogeton; Ru,
Ruppia; Ch, Chara; Cl, Cladophora; Sp, Spirogyra. (a) Sum of C21–C33; (b) sum of C27–C33; (c) ratio of long chain/total n-alkanes.
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Our data further highlight the potential influence of n-al-
kanes from submerged plants to the overall n-alkane pool in
lake sediments on the Tibetan Plateau, and this influence
becomes more significant when submerged plants constitute
a large percentage biomass in shallow lakes (Aichner et al.,
2010a; Liu et al., 2015).
4.2 Variation in n-alkane δD values in individual algae
and submerged plants track lake water δD changes
The δD values vary significantly among different algae and
submerged plants with the Potamogeton showing large δD
variations from different lakes (ranging from −213‰ to
−139‰; Appendix 4). Correlation analysis shows that there
are significant correlations between the δD values of C29 n-
alkane in the algae (R2=0.85, p<0.01, n=9; Figure 4b), all
submerged plants (R2=0.90, p<0.01, n=25; Figure 4a) and
lake water δD values. At the individual genus level, Pota-
mogeton, a widely distributed submerged plant in these
plateau lakes, displays a significant correlation between δD
values for C29 n-alkanes and the lake water δD values
(R2=0.92, p<0.01, n=21; Figure 4c). Duan and Xu (2012) and
Duan et al. (2014), in investigations of the Qinghai Lake and
Gannan Gahai Lake, found that the δD values of aquatic
plants were influenced by way of evaporative enrichment of
the lake water. Liu et al. (2016) also reported that n-alkane
δD values of aquatic plants tracked the δD variations in lake
water in the Qinghai Lake, consistent with previous studies
Table 1 The lake water δD values from Delingha Gahai Lake (GH), Keluke Lake (KLK), Sugan Lake (SG), Tuosu Lake (TS) and Xiligou Lake (XLG)
collected in June and September 2015, and June, 2016
Sample Lake Water depth(m) Habitat
Hydrological
condition Water source Sample time
Lake water δD
(‰)
QHW16-7 GH 12 Salt water Closed Precipitation and spring June, 2016 −2.3
QHW16-8 GH 9.4 Salt water Closed Precipitation and spring June, 2016 −2.3
QHW16-9 GH 7.9 Salt water Closed Precipitation and spring June, 2016 −2.5
QHW16-10 GH 5.6 Salt water Closed Precipitation and spring June, 2016 −1.8
QHW16-11 GH 3.7 Salt water Closed Precipitation and spring June, 2016 −1.7
QHW16-12 GH 1.8 Salt water Closed Precipitation and spring June, 2016 −1.9
QHW15-5 KLK 5.23 Fresh water Open Precipitation and river June, 2015 −39.2
QHW15-6 KLK 5 Fresh water Open Precipitation and river June, 2015 −37.9
QHW15-7 KLK 4.3 Fresh water Open Precipitation and river June, 2015 −37.5
QHW15-8 KLK 3.7 Fresh water Open Precipitation and river June, 2015 −37.4
QHW15-51 KLK 4.8 Fresh water Open Precipitation and river September, 2015 −37.9
QHW15-52 KLK 5.4 Fresh water Open Precipitation and river September, 2015 −37.3
QHW15-53 KLK 4.9 Fresh water Open Precipitation and river September, 2015 −37.2
QHW15-54 KLK 3.7 Fresh water Open Precipitation and river September, 2015 −37.7
QHW15-57 SG 0.8 Salt water Closed Precipitation and river September, 2015 −0.2
QHW15-58 SG 0.8 Salt water Closed Precipitation and river September, 2015 −0.8
QHW15-11 TS 15.4 Salt water Closed Precipitation and river June, 2015 14.2
QHW15-12 TS 16.3 Salt water Closed Precipitation and river June, 2015 15.2
QHW15-13 TS 15.7 Salt water Closed Precipitation and river June, 2015 15.3
QHW15-14 TS 13.1 Salt water Closed Precipitation and river June, 2015 15.4
QHW15-15 TS 6.3 Salt water Closed Precipitation and river June, 2015 11.1
QHW15-16 TS 3.3 Salt water Closed Precipitation and river June, 2015 12.9
QHW16-1 TS 11.9 Salt water Closed Precipitation and river June, 2016 11.2
QHW16-2 TS 10.2 Salt water Closed Precipitation and river June, 2016 11.9
QHW16-3 TS 8.1 Salt water Closed Precipitation and river June, 2016 12.2
QHW16-4 TS 5.5 Salt water Closed Precipitation and river June, 2016 12.5
QHW16-5 TS 3.8 Salt water Closed Precipitation and river June, 2016 9.3
QHW16-6 TS 2.1 Salt water Closed Precipitation and river June, 2016 11.4
QHW16-16 XLG 2 Salt water Closed Precipitation and river June, 2016 −8.8
QHW16-17 XLG 1.5 Salt water Closed Precipitation and river June, 2016 −8.8
QHW16-18 XLG 1.2 Salt water Closed Precipitation and river June, 2016 −16.9
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(Sternberg, 1988; Guenther et al., 2013). Our new data are
broadly consistent with the previous results, but further in-
dicating that n-alkane δD values of specific algae and sub-
merged plants reflect δD variations in the lake water in the
arid and semi-arid area.
4.3 Variations of n-alkane εa/w values in algae and
submerged plants
A better understanding of the apparent hydrogen isotope
fractionation between plant lipid and environment water is
key for an accurate reconstruction of hydrological conditions
using n-alkane δD data from various plants. However, few
studies have focused on the εa/w values for algae and sub-
merged plants due to limited δD data from taxonomically
identified plants and reliable source water. Table 2 shows
that the εa/w values are not constant among different algae and
submerged plant samples, a phenomena that has been ob-
served in terrestrial plants (Gao et al., 2014). In addition, we
find that the εa/w value is not constant for a single plant genus
under different liminological environment. For example,
while the lake water values are similar between the Sugan
Lake (−0.5‰, n=2) and the Delingha Gahai Lake (−2.1‰,
n=6; Table 1), but the εa/w values for Spirogyra in these two
lakes vary by as much as 27‰ (Table 2). While other phy-
sical characteristics between the two lakes are similar, the
Delingha Gahai Lake has a salinity of 90.6 g L−1 (Zhao et al.,
2008) and the salinity in the Sugan Lake is only 31.8 g L−1
(Qiang et al., 2005). Thus, we believe that the difference in
salinity may account for the differences between their εa/w
values; that is, the hydrogen isotope fractionation decreases
when the lake salinity increases. This observation is in
agreement with previous suggestions that algae reduce the
transport of environmental water into their cells as salinity
increases, resulting in increased recycling of intracellular
water, which is δD enriched compared with the environ-
mental water (Sachse et al., 2012; Maloney et al., 2016;
Sachs et al., 2016). This notion is further supported by the
similar εa/w values calculated for Potamogeton in the Tuosu
Lake and the Sugan Lake (Table 2), which both have a si-
milar salinity (38.7 g L−1 for Tuosu Lake; Zhao Y et al.,
2010). Thus, the relationship between salinity and εa/w values
of algae and submerged plants collected in natural lakes ef-
fectively supplements previous results, which were generally
obtained in cultured experiments (e.g. Schouten et al., 2006;
M’boule et al., 2014; Maloney et al., 2016; Sachs et al.,
2016), though the sample number in our study is limited.
Moreover, the salinity of a lake may be influenced by nu-
merous factors, but evaporation enrichment of the lake water
should be significant especially for saltwater lakes (Aichner
et al., 2010b; Liu et al., 2017). Combined with the results
shown in Figure 4 and Table 2, we suggest that lake water δD
values are the dominant factor in determining δD values of
the algae and submerged plants, but other environmental
conditions, especially salinity, may also influence n-alkane
δD values from these plants. Therefore, δD values of the n-
alkane originating from algae and submerged plants had the
potential to be used in reconstructing both the palaeo-δD
variations and the palaeosalinity of lake water.
4.4 Comparison of n-alkane δD values in algae, sub-
merged and terrestrial plants
Previous studies on hydrogen isotope compositions of n-
alkanes from terrestrial plants have shown that δD values in
woody plants are relatively enriched than that in the grasses
using the same source water (e.g. Liu et al., 2006; Hou et al.,
2007; Liu and Yang, 2008; Yang et al., 2011; Duan and Xu,
2012; Duan et al., 2014). However, little is known about
whether different algae and submerged plants systematically
record δD signals of lake water relative to local precipitation
in different lake types (closed lakes vs. open lakes). There-
fore, we compare the δD values of algae and submerged
plants with that of terrestrial grasses because they display
similar ε values relative to their source water (avg. −155‰
for algae and submerged plants and −164‰ for grasses,
Table 2) while the shrubs display much positive ε values
(avg. −109‰, Table 2), which is consistent with the results
reported by Sachse et al. (2012).
During the summer season, δD value in precipitation is
−40.7‰ in Delingha (Yao et al., 2013; Zhu et al., 2015),
while the water δD values in Xiligou Lake are averaged
around −11.5‰ (Table 1) due to lake water evaporation. A
comparison of δD values between terrestrial grasses and
aquatic Ruppia (Figure 5) shows that the submerged plant
Ruppia in the Xiligou Lake, a closed lake basin, yield sig-
nificantly enriched δD values (avg. −154‰, n=11) than that
in the terrestrial grasses nearby (avg. −201‰, n=4; one-way
ANOVA, p<0.01; Figure 5). δD values from different water
sources generally inherit isotopic signals of precipitation, but
are modified by many processes. Evaporation is one of im-
portant factors in determining their isotopic enrichment.
Therefore, our results indicated that submerged plants living
in closed lakes may capture the lake water enrichment in D
compared to the precipitation. This conclusion was also
supported by the results in other closed lakes such as Qinghai
Lake and Nam Co Lake (Mügler et al., 2008; Duan and Xu,
2012; Liu et al., 2016).
In open lakes, the situation is different, as showed in the
Keluke Lake, an open lake, which receives water from the
Bayin River and the Balegen River, and outflows its water to
the Tuosu Lake via the Lianhu River. The lake water has an
average δD value of −38‰ (Table 1), which is close to the
precipitation δD value in the summer seasons (−40.7‰; Yao
et al., 2013; Zhu et al., 2015), indicating that the lake ex-
perience little evaporation enrichment in their water δD va-
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lue. Our results indicate that the algae Chara δD values (avg.
−198‰, n=4) are close to those from terrestrial grasses (avg.
−196‰, n=4; Figure 5), suggesting that algae living within
the lake and terrestrial grasses distributing near an open lake
do not have significant differences in δD (one-way ANOVA,
p=0.826>0.05).
Table 2 n-Alkane εa/w values in algae (Chara, Cladophora and Spirogyra), submerged plants (Potamogeton, Myriophyllum and Ruppia) and terrestrial
plants (grasses and shrubs) from the northeastern Tibetan Plateaua)
Sample Lake Genus Water depth (m) δD of source water(‰)
δD of C29 n-alkane
(‰) εa/w (‰)
Submerged plants
QHP15-15-2 TS Potamogeton 6.3 11.1 −139.8 −149
QHP15-16-2 TS Potamogeton 3.3 12.9 −139.3 −150
QHP16-2-1 TS Potamogeton 10.2 11.9 −147.3 −157
QHP16-3-1 TS Potamogeton 8.1 12.2 −150.3 −160
QHP16-4-1 TS Potamogeton 5.5 12.5 −148.9 −159
QHP16-5-1 TS Potamogeton 3.8 9.3 −141.7 −150
QHP15-57 SG Potamogeton 0.8 −0.8 −155.6 −155
QHP16-16 XLG Ruppia 2 −8.8 −158.2 −151
QHP16-17 XLG Ruppia 1.5 −8.8 −159.2 −152
QHP16-18 XLG Ruppia 1.2 −16.9 −164.4 −150
Algae
QHP15-5 KLK Chara 5.23 −39.2 −204.8 −172
QHP15-7 KLK Chara 4.3 −37.5 −214.2 −184
QHP15-8 KLK Chara 3.7 −37.4 −186.8 −155
QHP15-52 KLK Chara 5.4 −37.3 −184.9 −153
QHP15-13 TS Cladophora 15.7 15.3 −136.2 −149
QHP15-14 TS Cladophora 13.1 15.4 −140.9 −154
QHP16-4-2 TS Cladophora 5.5 12.5 −138.6 −149
QHP15-58 SG Spirogyra 0.8 −0.8 −168 −167
QHP16-11 GH Spirogyra 3.7 −1.7 −135.2 −134
Terrestrial plants
QHP15-35 KLK Grass −40.7 −207 −173
QHP15-38 KLK Grass −40.7 −191 −157
QHP15-40 KLK Grass −40.7 −180 −146
QHP15-42 KLK Grass −40.7 −203 −169
QHP15-46 KLK Grass −40.7 −209 −175
QHP15-47 KLK Grass −40.7 −185 −150
QHP16-13-2 XLG Grass −40.7 −213 −180
QHP16-14-1 XLG Grass −40.7 −184 −149
QHP16-14-2 XLG Grass −40.7 −213 −179
QHP15-34 KLK Shrub −40.7 −111 −73
QHP15-36 KLK Shrub −40.7 −129 −92
QHP15-37 KLK Shrub −40.7 −175 −140
QHP15-39 KLK Shrub −40.7 −158 −123
QHP15-41 KLK Shrub −40.7 −157 −122
QHP15-43 KLK Shrub −40.7 −131 −94
QHP16-13-3 XLG Shrub −40.7 −137 −101
QHP16-14-3 XLG Shrub 　 −40.7 −161 −126
a) Lake abbreviations: GH, Delingha Gahai Lake; KLK, Keluke Lake; SG, Sugan Lake; TS, Tuosu Lake; XLG, Xiligou Lake. The summer precipitation
δD values (avg. −40.7‰) is referred to Yao et al. (2013) and Zhu et al. (2015).
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Therefore, we argue the fact that the n-alkane δD values of
the algae and submerged plants record the signal of enrich-
ment in D of the lake water relative to precipitation applies
only to those closed lakes in this arid and semi-arid area.
4.5 Palaeoenvironmental implications
The offset of δD values among n-alkanes with different chain
length from lake sediments have been utilized for the re-
construction of paleoenvironmental conditions. For example,
Aichner et al. (2010b) reported a 16 ka n-alkane record in
Koucha Lake and used the ΔδDmid-n-C31 values to indicate
wetter or drier conditions. Liu et al. (2017) conducted a 12 ka
n-alkane record in Qinghai Lake and used the ΔδDC29-C31
values to reflect the evaporation state of the lake water in
historical period. Similar methods were also reported by
other studies (e.g. Mügler et al., 2008; Guenther et al., 2013;
Rao et al., 2014; Wang et al., 2016) with the basic premise
that the δD values of n-alkanes of different chain length from
single sourced aquatic plants are not significantly different.
However, few studies have closely examined δD differences
of different chain length n-alkanes in the algae and sub-
merged plants with an exceptional case of Liu et al. (2016)
for the Lake Qinghai.
In this study, based upon our measurements of odd carbon-
numbered n-alkane δD values from C21 to C31 from an ex-
tended dataset of algae and submerged plants from various
Figure 4 Correlations between δD values of n-alkane C29 from algae and submerged plants and lake water. (a) Submerged plants; (b) algae; (c) pota-
mogeton.
Figure 5 Comparison of n-alkane δD values of (a) Chara and grass in the
Keluke Lake (an open lake); (b) Ruppia and grass in the Xiligou Lake (a
close lake).
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lakes on the plateau, we show that δD values of different
chain length n-alkanes in each submerged plant sample (in-
cluding Potamogeton, Myriophyllum, Ruppia, Figure 6a and
Appendix 4) and each algae sample (including Chara, Cla-
dophora and Spirogyra, Figure 6c and Appendix 4) do not
vary significantly, with the majority of the differences falling
within a range of ±5‰ (Figure 6b and d) , similar to la-
boratory analytical errors. Moreover, we re-analyse δD va-
lues of aquatic plants reported by Aichner et al. (2010b) and
Mügler et al. (2008) and find that inter-compound variations
of odd carbon n-alkane δD values of aquatic plants that they
have reported were within ±6‰ (Figure 6e). Thus, our data
confirmed that the offset among δD values of n-alkanes with
different chain length is rather small in each algae and sub-
merged plant, a phenomenon that has been observed in ter-
restrial plants (e.g. Liu et al., 2006; Smith and Freeman,
2006; Hou et al., 2007; Liu and Yang, 2008; Mügler et al.,
2008; Feakins and Sessions, 2010; Yang et al., 2011; Daniels
Figure 6 Individual δD and deviation values of different odd-numbered n-alkane homologues (C21−C31) in algae and submerged plants. Different symbols
and colours represent various odd-numbered n-alkane homologues. (a) δD values of each submerged plant, (Potamogeton, Myriophyllum and Ruppia); (b)
deviation values of odd-numbered n-alkane δD relative to their mean value in each submerged plant sample (grey line represents deviation of ±5‰; red line
represents deviation values of ±10‰); (c) δD values of each algae (Chara, Cladophora and Spirogyra); (d) deviation values of odd-numbered n-alkane δD
relative to their mean value in each algae sample (grey line represents deviation of ±5‰; red line represents deviation values of ±10‰); (e) δD values in the
aquatic plants reported by Aichner et al. (2010b) and Mügler et al. (2008).
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et al., 2017; Zhang et al., 2017); and the confirmation in
algae and submerged plants has significant implications in
palaeoenvironmental reconstructions.
Given the expected uniformity of n-alkane δD values form
different chain lengths of the same source, we suggest that
the offset between the δD values of different chain length n-
alkanes can help determine the sources of n-alkanes in lake
sediments, an important prerequisite for the application of
hydrogen isotope composition of n-alkanes in palaeoclimatic
studies. If δD values of n-C23 and n-C25 in a given sediment
sample display large differences compared to that of C27, C29
and C31, which are consistent among themselves, this would
suggest that the long chain n-alkanes (C27−C31) in the lake
sediment sample are primarily derived from terrestrial plants.
On the other hand, if δD values of the n-C31 are substantially
different from those of other chain length n-alkanes, but n-
C23, n-C25 and n-C27, n-C29 have close δD values, it would
signal that the n-C27 and n-C29 in sediments are derived pri-
marily from aquatic plants. If there are no significant dif-
ferences among δD values of different chain length n-
alkanes, it indicates that n-alkanes in the lake sediments are
produced by a single plant source. Certainly, this method
may be more appropriate for close lakes because n-alkane δD
values in the algae and submerged plants record signals of D
enrichment of the lake water relative to precipitation. In
addition, we have to point out that the species shifts in ter-
restrial plants alone may also lead to similar variations in the
n-alkanes δD values of different chain lengths. However, we
would argue that other criteria such as analysis of inter-
molecular δ13C values and investigation of the n-alkane
distributions (e.g. Paq and ACL) can be used to serve as
complimentary tools to distinguish the sources of sedimen-
tary n-alkanes. Liu et al. (2015) reported that the offset δ13C
values of individual n-alkanes (e.g. C27, C29 and C31) were
indicative of relative contributions of aquatic plants in la-
custrine sediments records because submerged plants
showed significantly positive δ13C values than that from
terrestrial C3 plants. Thus, combining the results of δD and
δ13C values in lake sediments may help create a more ac-
curate identification of input sources when using the lake
sediment n-alkanes for palaeoclimatic reconstruction.
As n-alkane δD values of algae and submerged plants re-
cord signals of lake water enrichment in δD relative to local
precipitation in closed lakes in arid and semi-arid area
(Figure 5), and the C23 and C25 n-alkanes are thought to be
primarily produced by aquatic plants (Ficken et al., 2000;
Gao et al., 2011) and C31 is believed to be derived mainly
from terrestrial plants (Liu et al., 2015, 2016), we would
postulate that sedimentologists may be able to take the ad-
vantage of analysing intermolecular δD values of lacustrine
n-alkanes among different chain lengths in helping de-
termine whether an ancient lake basin was deposited in an
open or closed lake system. For example, in the instance
where C23 and C25 n-alkanes display much more positive δD
values than those for n-C31 in lake sediments, it would signal
a deposition formed in a closed lake as the result of D en-
richment in the lake water; whereas when the n-C23 and n-C25
δD values show similar values with that from n-C31 would
suggest an open lake deposit. This method may be more
effective under arid or semi-arid area climate where lake
water evaporation is more profound and when it is used in
combination with other sedimentological or paleontological
indicators.
5. Conclusions
Based upon a systematic investigation of δD values in 51
submerged plants, 13 algae and 20 terrestrial plants from 15
lakes on the Tibetan Plateau, we show that δD values of C29
n-alkanes in algae and submerged plants significantly cor-
related with lake water δD values. However, for a given plant
the εa/w values may not be constant under different lake en-
vironments, indicating that besides lake water δD values,
other environmental conditions (e.g. salinity) may also in-
fluence δD values of these algae and submerged plants. We
show that δD values of the submerged plant Ruppia in a
closed lake are significant enriched in D than those of ter-
restrial grasses around the lake, but the algae Chara from an
open lake display similar δD values with terrestrial grasses
around the lake, suggesting that hydrological condition of a
lake (open vs. closed) is an important factor in determining D
enrichment recorded in n-alkane δD values of algae and
submerged plants in comparison with that from nearby ter-
restrial grasses that track local precipitation. For each algae
and submerged plant, δD values of the different chain length
n-alkanes (C21, C23, C25, C27, C29, C31) do not show large
variations, indicating that the responses of δD values of
different chain length n-alkanes to the water source δD value
are consistent. Our data add new insights into the under-
standing of inter-molecular δD variations among algae and
submerged plants, highlighting that the offset between δD
values of different chain length n-alkanes can be used to
determine sources of n-alkanes in lake sediments and to
provide a mean of inferring hydrological conditions and
dynamics of ancient lacustrine basins.
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